ABSTRACT PUF proteins comprise a highly conserved family of sequence-specific RNA binding proteins that regulate target mRNAs via binding directly to their 39UTRs. The Caenorhabditis elegans genome encodes several PUF proteins, which cluster into four groups based on sequence similarity; all share amino acids that interact with the RNA in the cocrystal of human Pumilio with RNA. Members of the FBF and the PUF-8/9 groups bind different but related RNA sequences. We focus here on the binding specificity of representatives of a third cluster, comprising PUF-5, -6, and -7. We performed in vivo selection experiments using the yeast three-hybrid system to identify RNA sequences that bind PUF-5 and PUF-6, and we confirmed binding to optimal sites in vitro. The consensus sequences derived from the screens are similar for PUF-5 and PUF-6 but differ from those of the FBF or PUF-8/-9 groups. Similarly, neither PUF-5 nor PUF-6 bind the recognition sites preferred by the other clusters. Mutagenesis studies confirmed the unique RNA specificity of PUF-5/-6. Using the PUF-5 consensus derived from our experiments, we searched a database of C. elegans 39UTRs to identify potential targets of PUF-5, several of which indeed bind PUF-5. Therefore the consensus has predictive value and provides a route to finding genuine targets of these proteins.
INTRODUCTION
Regulation of mRNA stability and translation determines how much protein is produced from an mRNA and often is governed by elements in the 39 untranslated region (UTR). These elements bind regulatory proteins and microRNAs that then mediate their effects on mRNA stability, translation, and localization. Indeed, 39UTR-borne complexes are critical in a wide range of biological contexts (Kuersten and Goodwin 2003; Mazumder et al. 2003; ColegroveOtero et al. 2005; de Moor et al. 2005; Vardy and OrrWeaver 2007) . Not surprisingly, dysfunctional controls can lead to disease (Fan et al. 2005; Esquela-Kerscher and Slack 2006; Osborne and Thornton 2006; Hamilton et al. 2007 ). The specificity of the complexes-which mRNAs they control-is determined by the RNA sequence selectivity of the RNA binding proteins within them.
PUF proteins embody many general features of 39UTR regulatory proteins. PUF proteins bind specific RNA sequences in 39UTRs. The resulting RNA-protein complexes trigger translational repression, deadenylation, and/ or mRNA decay (Ahringer and Kimble 1991; Wreden et al. 1997; Zhang et al. 1997; Chagnovich and Lehmann 2001; Goldstrohm et al. 2006 Goldstrohm et al. , 2007 Kadyrova et al. 2007 ). The exact outcome varies with the PUF protein and mRNA (e.g., Hook et al. 2007) . PUF proteins are critical in developmental processes, including the maintenance of stem cells in Caenorhabditis elegans, Drosophila, and planaria (Lehmann and Nusslein-Volhard 1987; Lin and Spradling 1997; Forbes and Lehmann 1998; Crittenden et al. 2002; Salvetti et al. 2005) , and are implicated in stem cell control in vertebrates as well (Moore et al. 2003) . PUF proteins also are critical in the nervous system: They are required for long-term memory, and control neuron excitability, and morphogenesis (Schweers et al. 2002; Dubnau et al. 2003; Mee et al. 2004; Menon et al. 2004; Ye et al. 2004) .
PUF proteins are defined by the presence of eight triplehelical repeats termed PUF repeats (Edwards et al. 2001; Wang et al. 2001) . The repeats are arranged in an elongated crescent shape with one helix from each repeat presenting the amino acids required for RNA binding to the concave face of the protein (Fig. 1A) . In the complex of human Pumilio with a target RNA, each repeat contacts a single nucleotide using hydrogen bonding, van der Waals, and stacking interactions ( Fig. 1A-C ; Wang et al. 2002) .
The amino acids involved in binding RNA are well conserved, yet different PUF proteins discriminate different sequences. This paradoxical difference is understood in a single instance involving two C. elegans proteins, FBF and PUF-8. In this case, FBF requires the insertion of a single nucleotide in the middle of the PUF-8 RNA binding site; PUF-8 binds only in the absence of that nucleotide. The identity of the ''extra'' nucleotide is unimportant for FBF binding ). The inference is that for FBF and PUF-8, most of the interactions that mediate contacts between the proteins and the bases in their cognate RNAs are the same, but the two proteins bind distinct RNAs depending on the presence or absence of a single nucleotide. Other PUF proteins may gain specificity by using novel amino acid-nucleotide contacts in divergent PUF repeats.
C. elegans possesses multiple canonical PUF proteins that we have grouped into four clusters based on the similarities of their amino acid sequences (Fig. 2) . Of these, the FBF group, consisting of FBF-1 and FBF-2, has been characterized in the greatest detail, both in terms of its binding specificity and biological roles. FBF-1 and FBF-2 recognize identical sequences and control stem cell proliferation and sex determination in the germline (Zhang et al. 1997; Crittenden et al. 2002; Lamont et al. 2004; Bachorik and Kimble 2005; Bernstein et al. 2005; Opperman et al. 2005; Thompson et al. 2005; Cho et al. 2007) . PUF-8 is less well understood but participates in sex determination and spermatogenesis (Subramaniam and Seydoux 2003; Bachorik and Kimble 2005) . Its close relative, PUF-9, controls differentiation of epidermal stem cells and progression through the heterochronic pathway, possibly through a conserved interaction with a hunchback-like mRNA (Nolde et al. 2007 ). The two remaining clusters of C. elegans PUF proteins have not been analyzed in great detail. The PUF-5/-6/-7 proteins function redundantly in the late stages of oogenesis (Lublin and Evans 2007) , while silencing PUF-3/-11 via RNAi yields an embryonic lethal phenotype (Sonnichsen et al. 2005) . The simplest interpretation of the data is that each group recognizes and controls distinct mRNAs.
We sought to characterize the binding specificity of the C. elegans PUF-5/-6/-7 cluster. We identified a consensus binding element with high affinity for PUF-5. This element is recognized by PUF-6, and distinct from elements recognized by FBF and PUF-8 proteins. The site is longer than those of FBF or PUF-8 and possesses an additional and essential UGU trinucleotide not found in other PUF binding sites. Our knowledge of PUF-5 sequence specificity was used to identify potential mRNA targets of PUF-5 and PUF-6 in a database of C. elegans 39UTR sequences.
RESULTS
Four clusters of C. elegans PUF proteins C. elegans expresses nine canonical PUF proteins. Using the relatedness of their amino acid sequences, we grouped these into four clusters (Fig. 2) . Two other PUF-related sequences, PUF-4 and PUF-10, are present in the genome but appear to be pseudogenes, as no ESTs have been reported. The four clusters can be distinguished by comparing the amino acid sequences of their RNA binding domains (Fig. 2) . Outside their RNA binding domains, the clusters shown in Figure 2 are even more apparent: Proteins within a cluster are related, but distinct from other groups (not shown). Proteins in the FBF and PUF-8/-9 groups bind distinct RNA sequences . The FBF group comprises FBF-1 and FBF-2, which both specifically bind the FBF binding element (FBE) ( Fig. 2A ; Bernstein et al. 2005; Opperman et al. 2005) . PUF-8 and PUF-9 both bind to a sequence first identified as the binding site for the Drosophila Pumilio protein, to which they are the closest C. elegans relatives ( Fig. 2A ; Opperman et al. 2005; Nolde et al. 2007 ). This binding element is termed the Nanos response element (NRE) or Pumilio binding element (PBE); here, we use the term NRE.
Of the remaining C. elegans PUF proteins, PUF-5, PUF-6, and PUF-7 form one group, while PUF-3 and PUF-11 form another (Fig. 2 ). PUF-6 and PUF-7 are 98% identical, while PUF-5 is 55% identical to both PUF-6 and PUF-7 (Fig. 2B ). Of the amino acids that directly contact RNA in the human Pumilio-NRE cocrystal, all are the same in PUF-5, PUF-6, and PUF-7 (Fig. 1C) . The RNA binding specificities of the PUF-5/-6/-7 and PUF-3/-11 groups are unknown and their mRNA targets unidentified. We hypothesized that proteins within these groups bind similar RNA sequences, distinct from those bound by proteins in other groups.
One cannot predict the RNA binding specificities of PUF proteins ab initio. The C. elegans PUF proteins are very similar to one another in terms of the amino acids that interact with RNA in the human Pumilio-RNA structure. In the particular case of the PUF-5/-6/-7 family, 18 of the 24 amino acids involved in human Pumilio's base-specific contacts are identical in PUF-5/-6/-7 (Fig. 1C) . Five of the six amino acids that differ are located in the amino-terminal half of the PUF domain, suggesting that the 39 end of the RNA binding site of PUF-5 and PUF-6 might differ from that of Pumilio.
PUF-5 binds a unique RNA sequence
To determine the preferred RNA binding sequence for PUF-5, we performed a selection experiment using the yeast three-hybrid assay. We constructed a library in a three-hybrid RNA expression vector, p3HR2. This vector possesses a stem-loop structure that segregates the RNA of interest from the rest of the RNA molecule. Additionally, the ADE2 selectable marker has been removed to facilitate DNA manipulations. The library consisted of a fixed UGU trinucleotide, conserved in all known PUF protein binding sites, flanked by three randomized nucleotide positions upstream and seven randomized nucleotides downstream (Fig. 3A) . Sequencing of independent clones from the library yielded random representation at the intended positions (not shown). The library was introduced into the yeast strain YBZ-1 along with a PUF-5/AD fusion protein (where ''AD'' means activation domain). Interaction between that protein and any RNA sequence in the library would activate transcription of the HIS3 reporter gene and thus could be identified by growth on selective media. Using this strategy, we obtained 21 unique RNA sequences (Fig. 3B) . Each RNA sequence activated transcription only in the presence of the PUF-5/AD fusion protein (not shown). These sequences were used to derive a consensus PUF-5 binding element using WebLogo software, depicted in two formats in Figure  3C (Crooks et al. 2004 ).
An analogous screen was performed using a PUF-6/AD protein. This screen was designed to detect only high affinity interactions. Each of the 34 positive clones isolated from the screen with PUF-6 contained the same single sequence, which was identical to the sequence exhibiting the highest affinity for PUF-5 (Fig. 3B) . The lack of other sequences, such as those recovered by PUF-5/AD, is probably due to the stringent selection, since other PUF-5 binding RNAs bind PUF-6 in directed tests. To compare the specificity of PUF-5 binding to that of other C. elegans PUF proteins, we evaluated the binding of PUF-5 to known PUF binding sites, and of the PUF-5 binding element to other C. elegans PUF proteins. For this purpose, we used the sequence obtained in the screen that gave the highest signal output from the reporter gene, CUCUGUAUCUUGU (consequently named the PUF-5 binding element, or 5BE). In the three-hybrid assay, PUF-5 bound to its cognate binding site (5BE) but not to the sites for FBF (FBE) or PUF-8 (NRE) (Fig. 4A ). PUF-6 also bound only to the 5BE (Fig. 4A) . Similarly FBF and PUF-8 preferred their cognate sites (Fig. 4A) . These results are consistent with the hypothesis that the PUF-5/-6/-7 proteins bind similar RNA elements.
To further quantify the affinity and selectivity of PUF-5 for its binding site, we conducted electrophoretic mobility shift assays (EMSAs) using purified recombinant protein.
GST-PUF-5 and GST-PUF-6 bound the 5BE with similar affinity (Fig. 4B,C) . PUF-5 binds to the 5BE with an apparent dissociation constant of z35 nM, while PUF-6 binds at z55 nM (Fig. 4B,C) . The data are consistent with the PUF protein binding a single 5BE in a noncooperative manner. PUF-5 does not bind detectably to other known PUF binding elements, the FBE or the NRE (Fig. 4C) .
5BE is the optimal PUF-5 binding element
To characterize PUF-5 binding specificity in greater detail, we carried out point mutagenesis across the entire 5BE. We analyzed mutations from positions À3 to +10 (relative to the 59-UGU element), spanning the entire sequence that had been randomized in the selection. Substitution of any nucleotide within this region was detrimental to binding (Fig. 5) .
The 5BE contains two UGU trinucleotide elements (+1 to +3 and +8 to +10). PUF-5 binding was abolished by changing either element to ACA, demonstrating that both UGU trinucleotides are required (Fig. 5A) . Upstream of the first UGU, mutations C(-3)A (changing C to A at position -3) and U(-2)C reduced binding, while all other mutations abolished it (Fig. 5B) . Mutations between the two UGU trinucleotides also were deleterious; most substitutions resulted in a fivefold to 10-fold decrease in binding activity (Fig. 5C ). Finally, any single mutations in the second UGU trinucleotide decreased binding greater than 10-fold (Fig. 5D) . Substitution of the region downstream from the second UGU with unrelated sequence did not disrupt binding ( Fig. 6 ; not shown). These results suggest that the sequence obtained from the three-hybrid screen is the optimal PUF-5 binding element.
Identification of candidate PUF-5 target mRNAs
To test the validity of our mutagenesis studies and to begin identifying mRNA targets of PUF-5, we searched a database of C. elegans 39UTR sequences using the optimum PUF-5 binding sequence we had derived from our screen and mutagenesis assays (Figs. 3, 5) .By use of a pattern search algorithm with a weight matrix based on the specificity data obtained in the three-hybrid experiments, we found 172 39UTRs with a potential PUF-5 binding site (Supplemental Table 1 ).
We tested a selection of candidate 39UTR sequences for binding to PUF-5 using the three-hybrid system (Fig. 6) . Of 12 candidate genes analyzed, six bound to PUF-5 in the three-hybrid assay (Fig. 6A,B) . These include 39UTR sequences from obr-3, cpi-2, srm-6, fog-1, srz-10, and C17H11 (Fig. 6A) . To confirm that these RNAs interacted in a manner similar to the 5BE, we mutated both UGU elements in the obr-3 39UTR. As with the 5BE, mutation of either trinucleotide decreased binding to PUF-5 (Fig. 6C) . Therefore, the 5BE accurately predicts PUF-5 binding sites in endogenous mRNAs. However, additional studies will be required to determine whether the mRNAs we identified are genuine targets in vivo.
FIGURE 3. Derivation of the PUF-5 binding element (5BE). (A)
The three-hybrid screen used to identify the 5BE. The sequence of the randomized region of the RNA is illustrated centrally. (B) Sequences isolated from the positive clones from the three-hybrid screen. The isolated sequences and consensus sequence are depicted in column one. The number of times a sequence was isolated, and the relative strength of the interaction in the three-hybrid system are also depicted. (C) The 5BE consensus sequence as derived using the WebLogo software is represented as information content and nucleotide frequency at each position.
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DISCUSSION
Our work expands the repertoire of sequences bound by C. elegans PUF proteins. PUF-5 and PUF-6 recognize similar RNA sequences, and these are distinct from those seen by members of the FBF and PUF-8/-9 groups. The difference in binding specificity may underlie regulation of different target mRNAs.
Structural analysis of a human PUF protein bound to RNA suggested that amino acid side chains in one a-helix contacted one nucleotide in the RNA in direct succession (Wang et al. 2002) . PUF-5 binds an extended RNA sequence: 10 nucleotides are present from the beginning of the first UGU to the end of the second. This compares to eight with PUF-8 (and human Pumilio), and nine with FBF. This clearly implies that recognition by PUF-5 differs from the one-to-one mode seen with human Pumilio. For FBF, a nucleotide in the central region of the binding element is critical for binding, but its identity is inconsequential . This crucial determinant of FBF specificity is referred to as a ''spacer'' nucleotide, as it spaces the recognition elements seen in the human Pumilio-RNA cocrystal. Recent structural studies showed that longer binding sites can be formed by extrusion of the nucleotide away from the protein, exposed to solvent (Gupta et al. 2008; Miller et al. 2008) . Our studies (Figs.  3, 5 ) suggest flexibility in positions +4 to +7, though pyrimidines are strongly favored at +5, +6, and +7; this region may serve as a spacer separating the two UGU elements, which make sequence specific contacts with the protein.
The precise sequence requirements in the intervening region (between the two UGUs) are context-dependent. In our randomization screen (Fig. 3) , we identified several sequences with fewer than 3 nucleotides between the two UGU elements, suggesting that the intervening nucleotides may be ''spacers'' rather than sites of protein contacts. We propose that one or more of those nucleotides ''flip out'' away from the protein and are stacked on one another. This could explain differences between targeted mutagenesis studies (Fig. 5 ) and the sequences isolated from the randomization screen (Fig. 3) . In particular, several single nucleotide substitutions in the 5BE severely decrease binding affinity, yet the same substitution in a different RNA (containing multiple substitutions) results in a more modest decrease. For example, substitution of any single nucleotide at position +5, +6, or +7 (UCU) significantly decreased binding, yet a sequence containing CUC rather than UCU exhibited only a slight effect. In one simple model, the identities of the flipped bases are important for the efficacy of their own base-stacking interactions, while allowing interactions with the protein elsewhere. Alternatively, bases could contact the protein in a contextdependent manner. Regardless, our results demonstrate new features of PUF-RNA interactions, including flexibility in spacing and recognition of UGU at the 39 end of the site.
The presence of two UGU trinucleotides in the PUF-5 binding site is novel among known PUF protein sites, and raises several questions. First, how is the second UGU recognized? If repeats 6-8 of PUF-5 recognize the first UGU (as in human Pumilio), then how is the second UGU recognized? Repeats 1-3 of PUF-5 (which are predicted to recognize the 39 end of the RNA sequence) are not similar in sequence to repeats 6-8 ; thus their mode of interaction probably differs. New amino acid-nucleotide contacts that recognize UGU are likely present in PUF-5. Indeed, it is striking that the amino acids involved in base recognition differ in repeats 1-4 of PUF-5/-6/-7 and Pumilio (Fig. 1C) : Four of the six differences in recognition amino acids are located in repeats 1 and 2. We predict that these differences underlie PUF-5/-6 specificity for UGU rather than AUA. However, given the extended length of the 5BE, RNA contacts with UGU could be made outside the recognition helices, or even outside the PUF repeat region. Recent work has identified a structure of Pumilio bound to ''noncognate'' RNA sequences with sevenfold reduced affinity (Gupta et al. 2008) . Our work has focused on the optimal binding site, but deviations from that sequence may nonetheless be important in vivo.
In principle, the presence of two UGU elements in the binding site could mean that two separate protein molecules recognize the site, each interacting with a UGU sequence. While this is a tenable hypothesis, mutation of the nucleotides downstream from the second UGU has little effect on PUF-5 binding (not shown); similarly, the PUF binding sites identified in Figure 6 all differ in sequence downstream from the second UGU. Thus, if a second PUF-5 molecule binds the second UGU, it must not discriminate the flanking nucleotides. Biochemical experiments do not suggest cooperativity (e.g., Fig. 4 ). PUF-5 could bind as an obligate dimer, though our preliminary analyses do not support this view.
PUF-5, PUF-6, and PUF-7 are required for the late stages of oogenesis in C. elegans, consistent with expression of PUF-5 in the germline (Lublin and Evans, 2007) . RNAi against all three genes, but not PUF-5 or PUF-6/-7 separately, yields a defect in oogenesis. This implies redundancy, consistent with the overlapping RNA binding specificity of PUF-5 and PUF-6/-7. We propose that PUF-5/-6/-7 regulate overlapping (or identical) sets of target mRNAs.
The binding element determined by mutagenesis studies was used to predict potential mRNA targets for PUF-5 and PUF-6; indeed, PUF-5 binds to several of these RNA sequences (Fig. 6 ). In addition, there is a direct correlation between the similarity of the predicted binding elements to the 5BE and the affinity with which PUF-5 is able to bind the site. We identified a potential target (fog-1), which has known roles in regulating cell fate decisions in the germline (Barton and Kimble 1990; Luitjens et al. 2000; Thompson et al. 2005; Lamont and Kimble 2007) , consistent with roles for PUF-5/-6/-7 in the germline. From the candidate mRNA targets we identified, other roles for PUF-5/-6/-7 can be inferred. For example, several predicted targets, obr-3 and cpi-2 among them, encode proteins involved in modulating signaling cascades. A large number of G-proteincoupled receptor mRNAs, including srm-6, srz-10, and C17H11.1, contain PUF-5/-6/-7 binding sites in their 39UTRs, suggesting a possible role in cell signaling and chemotaxis. In addition, a group of ion channel mRNAs were predicted to be targets of PUF-5/-6/-7, similar to recent reports describing Drosophila Pumilio binding to para mRNA, which encodes a voltage-gated sodium channel (Muraro et al. 2008) . Our preliminary data suggest that PUF-6 is also expressed in neurons (D. Byrd, C.R. Stumpf, J. Kimble, and M. Wickens, unpubl.).
Analysis of C. elegans PUF proteins reveals, at the RNA level, that different PUF proteins discriminate different RNA sequences. With FBF and PUF-8, the same set of atomic interactions may be used, punctuated by a single spacer nucleotide. With PUF-5, some of these contacts (PUF repeats 6-8 and the 59-UGU) are likely to be preserved, and two, not one, spacer nucleotides relative to Pumilio may be essential for binding. Novel modes of recognition are required to accommodate the preference for the second UGU. Structural analysis is needed to reveal the underlying mechanisms of discrimination and distinguish those features that are general from those that are idiosyncratic.
MATERIALS AND METHODS

Strains, plasmids, and sequences
The yeast strain YBZ-1 has been described previously . Plasmid p3HR2 was created by removing the ADE2 gene from pIIIA/MS2-2 and then inserting a stem-loop structure into the multiple cloning site. To create the random library, an oligonucleotide (CCGGCTAGCNNNTGTNNNNNNNAATTTAA TAAAGCATG) was inserted such that it would be expressed in the loop of the stem upon transcription of the RNA. All additional RNA expression constructs were created in the same manner. Full-length PUF-5 and PUF-6 were amplified from cDNA and cloned into pGADT7 for three-hybrid assays. For studies using recombinant protein, full-length PUF-6 and PUF-5 (amino acid 77-553) were cloned into pGEX-6P1 (GE Healthcare). Synthetic RNAs of the following sequences were ordered from Dharmacon: 5BE: 59-UAGCCUCUGUAUCUUGUAAUUUAAUAAA-39; FBE: 59-UUACCAUAGAAUCAUGUGCCAUACAUCA-39; and NRE: 59-UUGUUGUCGAAAAUUGUACAUAAGCCAA-39.
Three-hybrid assays
Three-hybrid assays were performed as previously described Hook et al. 2005) . The initial selection was carried out in the presence of 2 mM 3-AT. PUF-5 is expressed to a higher level than PUF-6. b-Galactosidase assays were performed in quadruplicate and normalized to cell number.
Electrophoretic mobility shift assay PUF proteins were purified as described . EMSAs were performed as described (Cheong and Hall 2006) . Briefly, reactions were incubated at room temperature in EMSA binding buffer (10 mM HEPES, 1 mM EDTA, 50 mM KCl, 1 mM DTT, 0.1 mg/mL BSA, 0.01% Tween 20) for 2 h. Samples were mixed with loading buffer (2% Ficoll, 1%DMSO, 0.02% bromophenol blue), and half the reaction loaded onto a 5% native gel (Bio-Rad Inc.). Gels were run at 100 V for 45 min at 4°C, exposed to a storage phosphor screen for 30 min, and scanned on a Typhoon 9410 scanner (GE Healthcare Biosciences). Data were analyzed using Prism 4 (GraphPad Software).
Target identification
Potential targets for PUF-5 were selected by searching the C. elegans 39UTR database using the ScanForMatches algorithm and a reference sequence derived from the mutational analysis of the 5BE (Dsouza et al. 1997; Hajarnavis et al. 2004 ).
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